In the oocytes of many organisms a bipolar spindle is assembled in the absence of centrosomes. In this article we review how this occurs in two model organisms, Drosophila melanogaster and Mus musculus. Common themes include an important role for the chromosomes but paradoxically, organization of a bipolar spindle may not involve kinetochore microtubules. Some comparisons are not yet possible, however, since the same genes have usually not been studied in both systems.
Introduction
In mitosis and meiosis the chromosomes are separated by a machine which includes microtubules and motor proteins. The microtubules make up the mitotic and meiotic spindles and connect the chromosomes to the two poles. The Fclassic_ model for meiosis I spindle formation, which applies in most male germ cells, begins with the establishment of the two poles, an action that is dependent upon centrosomal-containing microtubule organizing centers (MTOC), each with a pair of centrioles as their focal points (Nicklas 1997) (Figure 1 ). Astral microtubules, which radiate from the centrosomes and grow and shrink dynamically, make random contacts with the kinetochores. If contacts are made such that both kinetochores of a bivalent become attached to microtubules from opposite poles, they become balanced at the metaphase plate. This condition, known as congression, is maintained by the pull of equal forces in each direction and tension upon the kinetochoreYmicrotubule attachments. If, instead, both kinetochores become attached to the same pole, there is no tension upon the kinetochoreYmicrotubule attachments and the microtubules will become unstable and detach, allowing the kinetochores to make new contacts with microtubules. In this way the chromosomes are active participants in the assembly of the spindle, but only as recipients that capture microtubules growing from the poles (Kirschner & Mitchison 1986) . Essentially the same model applies to mitosis and meiosis II but with sister chromatids instead of bivalents.
But in many species, including Homo sapiens, Caenorhabditis elegans, and Drosophila melanogaster, only the sperm contributes the centrioles to the zygote; the oocyte itself, once it enters meiosis, lacks centrosomes. Thus, meiosis in the oocytes of these organisms must take place without MTOCs to guide the assembly of the spindles. This situation gives rise to several questions. For example, how are the microtubules nucleated without centrosomes, and how do they manage to taper to form two poles? Furthermore, how are the locations of the two poles established, so that the homologous chromosomes in meiosis I, and the sister chromatids in meiosis II, are segregated in opposite directions?
The answers to these questions may have important implications toward understanding the differences between males and females in the outcomes of meiosis. Much has been made of the disparity between the sexes in the results of meiosis in humans: the nondisjunction frequency for most chromosomes is far greater in human oocytes than in sperm. Is there a causal relationship between acentrosomal meiosis and a high frequency of nondisjunction and, if so, what is its nature? Several recent reviews have discussed this issue and in particular the Fhistories_ of the nondisjoining chromosomes. That is, if a pair of chromosomes nondisjoin, did they cross over and, if so, where were the crossovers (Hassold & Hunt 2001 , Morelli & Cohen 2005 , Hall et al. 2006 . In this review we compare acentrosomal spindle assembly during meiosis I in the model systems of mouse and fruit fly and investigate how spindle defects could lead to meiosis I nondisjunction.
We will also refer to studies in other organisms, particularly in Xenopus and C. elegans. The study of Xenopus oocytes and their derivative extracts has pioneered models applicable to acentrosomal spindle formation in flies and mammals. For example, a large number of experiments have led to the idea that a combination of motor proteins can assemble microtubules into bipolar spindles in the absence of centrosomes (Compton 1998 , 2000 , Walczak et al. 1998 , Karsenti & Vernos 2001 , Wadsworth & Khodjakov 2004 . This includes motors which are attached to chromosomes and motors which can crosslink microtubules and move toward the minus ends, which could conceivably pull the minus ends together to focus spindle poles.
Drosophila melanogaster
Overview of oogenesis and assembling an acentrosomal spindle Drosophila oocytes develop among 15 nurse cells. Each ancestral germ cell divides four times to produce 16 cystocytes, of which 15 become nurse cells that eventually degenerate. Early in the process, the oocyte enters prophase and completes the DNA repair process that generates crossovers between homologous chromosomes. Then the oocyte pauses at a phase equivalent to diplotene/diakinesis for approximately 3 days during which numerous developmental processes take place (King 1970) . Interestingly, if the appropriate experiment is performed, Drosophila oocytes show increased nondisjunction with advancing age (Jeffreys et al. 2003) .
Growth and development of the oocyte has been divided into 14 stages (King 1970) . During most of this time, corresponding to the prolonged arrest stages of diplotene or diakinesis, the chromosomes are compacted into a spherical mass known as the karyosome. At stage 14 the oocyte_s nuclear envelope breaks down and prometaphase I begins with microtubules accumulating in an apolar array around the karyosome. At metaphase I the oocyte arrests again with the spindle parallel to the cell surface and achiasmate homolog sometimes moving precociously toward the poles (Theurkauf & Hawley 1992 ). Activation to enter anaphase I is triggered by passage of the oocyte down the oviduct, where the spindle elongates and pivots to become perpendicular to the cell surface (Endow & Komma 1997 , Bloch Qazi et al. 2003 . Fertilization of the oocyte triggers meiosis II, during which the two spindles are positioned in tandem. No polar bodies are extruded; the three extra meiotic products remain inside the oocyte and are eventually degraded. Interestingly, orientation of the spindle relative to the cell surface (first parallel then perpendicular) is conserved (McNally & McNally 2005) .
A model for the assembly of the first meiotic spindle (Figure 1 ), which will be described in detail Figure 1 . Models for spindle assembly with or without centrosomes. In mitotic cells or centrosomal meiosis such as in spermatogonia, microtubules are oriented with their minus ends at the poles and their growing or plus ends toward the chromosomes. This orientation of microtubules is assumed to hold in oocytes, although usually this has not been shown (but see Burbank et al. 2006) . The role of interpolar microtubules in mouse acentrosomal spindle assembly has not been investigated. in the sections that follow, is based on both fixed (Theurkauf & Hawley 1992 , Jang et al. 2005 and living (Matthies et al. 1996 , Skold et al. 2005 oocytes. The organization of the microtubules in early prometaphase I is promoted by the chromosomes, which recruit and/or nucleate the microtubules. As prometaphase I advances, the microtubules are seen to organize around the karyosome into fibers of two forms, the interpolar and kinetochore microtubules. The interpolar microtubules organize tangentially to the karyosome, and then start tapering toward two poles. By metaphase I they run from pole to pole and consist of two sets of fibers that overlap in anti-parallel fashion, the plus ends adjacent to the karyosome and the minus ends directed toward the areas where the two poles will be established. The kinetochore fibers, on the other hand, are organized with their plus ends attached to the kinetochores of the chromosomes. Together, the interpolar microtubules and kinetochore fibers form the meiotic spindle. We will refer to the spindle_s middle area, which incorporates the chromosome mass and the overlap area of the interpolar microtubules, as the central spindle.
In the next section we will review the set of proteins that coordinates this process. We will not review other important findings at the periphery of spindle assembly, such as cell-cycle regulators (Pearson et al. 2005 , Swan & Schupbach 2005 , regulators of gene expression such as wispy (Brent et al. 2000) or changes in chromosome structure due to histone modifications, all of which appear to be Figure 2 . A developing spindle in a Drosophila oocyte, with DNA in blue and microtubules in green. Note the abundant cytoplasmic microtubules which may be recruited and bundled together to make the meiotic spindle. The scale bar is 10 mm. important regulators of spindle assembly (Ivanovska et al. 2004 .
Chromosomes recruit or nucleate microtubules, stimulating spindle formation Unlike in mitotic cells, astral MTOCs are not observed before nuclear envelope breakdown (NEB) and g-tubulin, CP-60 and CP-190, typical at mitotic MTOCs, are not found at meiotic spindle poles (Theurkauf & Hawley 1992 , Matthies et al. 1996 . Thus, the action of the poles in microtubule nucleation and establishing the axis of division does not apply in acentrosomal meiosis. Instead, it has been shown that the chromosomes can take an active role. D. melanogaster chromosomes are capable of capturing free microtubules present in the cytoplasm (Figure 2 ), and it is this action which may trigger spindle formation (Theurkauf & Hawley 1992 , Hatsumi & Endow 1992 , McKim & Hawley 1995 . There is currently no evidence that the chromosomes nucleate microtubule fiber growth (see FSummary and the future_). Even a single, small chromosome, like the D. melanogaster fourth chromosome, has been shown to stimulate this action, and similar activities have been observed in Xenopus extracts (Karsenti et al. 1984a,b) .
The chromosomes also have a role in maintaining the metaphase I arrest. In the absence of crossovers no chiasmata form. Presumably due to the lack of tension, the chromosomes move precociously to the poles (McKim et al. 1993 , Jang et al. 1995 . If there is at least one chiasma, the resulting tension is enough to keep the oocyte in metaphase. This is opposite to the effect in a mitotic cell, where lack of tension signals a delay in anaphase onset.
The central spindle as an organizer of acentrosomal meiosis
The meiotic metaphase central spindle incorporates the karyosome and the overlap area of the interpolar microtubules and is related to the mitotic midzone by its constituent proteins. It has been identified by a bright band of tubulin staining which is particularly intense due to overlapping antiparallel microtubule fibers (Theurkauf & Hawley 1992 , McKim et al. 1993 . In addition, this bright band of tubulin staining colocalizes with many (but not all, such as Polo) of the proteins found in the mitotic midzone at anaphase (Jang et al. 2005) . These include RacGap50C, the motor proteins Klp61F, Pavarotti and Subito as well as the Passenger proteins Aurora B and Incenp. Many of these proteins have an important role in cytokinesis (e.g. Giansanti et al. 1998 , D_Avino et al. 2005 but except for Subito (see below), their role in meiosis is not known.
A striking feature of the meiotic central spindle is its early emergence. In the Drosophila oocyte the meiotic central spindle forms at the earliest stages of prometaphase, immediately after NEB, when microtubules are assembled around the chromosomes but the poles have not yet been established (Jang et al. 2005) . Many of the midzone proteins listed above are found on the central spindle during meiotic prometaphase I. In mitosis these proteins normally do not appear on the spindle until mitotic anaphase. For example, the Passenger proteins move from the mitotic centromeres to the midzone at anaphase whereas in acentrosomal meiosis they do not appear at the centromeres. This early formation of the central spindle may be an important adaptation that compensates for the absence of centrosomes, as the central spindle may play an important function in establishing the orientation of the spindle poles (Jang et al. 2005) .
Another function for the central spindle is suggested from studies of the centrosomal protein centrosomin (CNN), which is required for centrosome function in mitotic cells. In contrast to the centrosome localization in mitotic cells, CNN is present at the meiotic central spindle during meiosis I (Riparbelli & Callaini 2005) . Cnn mutants appear to have no defects during meiosis I, but fail to form a properly developed central MTOC in meiosis II. Late in anaphase I the localization of CNN to the central spindle is joined by ASP, which usually is present at the poles (see below). It is possible that CNN localization to the central spindle is in preparation for meiosis II (Riparbelli & Callaini 2005) .
Central spindle formation requires Subito
Subito (SUB) is the Drosophila ortholog of human mitotic kinesin-like protein 2 (MKLP2), a plusend-directed motor (Giunta et al. 2002) in the kinesin-6 family. At the onset of meiotic prometaphase, SUB localizes to the central spindle adjacent to the karyosome. Uni-and tri-polar spindles are frequent in null and hypomorphic mutants of sub (Giunta et al. 2002) , indicating that, while SUB is associated with the orientation and stabilization of precisely two poles, it is not essential for the formation of the poles themselves. SUB is required for development or maintenance of the central spindle, which is evidence that the central spindle has an important role in the formation of the bipolar spindle (Jang et al. 2005) . This role for SUB could be related to an activity bundling antiparallel microtubules (Nislow et al. 1992) , the type which make up the central spindle.
In the absence of SUB, the central spindle is absent and the correct number of spindle poles does not form. Furthermore, SUB is required for the localization of the Passenger proteins Aurora B and Incenp in mitosis and meiosis, the very recruitment of which may stimulate chromosomeYmicrotubule interactions and thus, in turn, encourage central spindle formation.
Kinetochore fiber organization and the bundling of microtubules by NCD to taper the poles As microtubules become organized after NEB, those that will become the kinetochore fibers attach themselves at their plus ends to the karyosome. It is not known whether this occurs at about the same time as the initiation of the central spindle or shortly thereafter. The importance of bundling microtubules has been revealed by the analysis of NCD (non-claret disjunctional), a minus-end-directed kinesin-14 motor protein with microtubule bundling properties (McDonald et al. 1990 , Chandra et al. 1993 . While bipolar spindles can be formed in the absence of NCD, they occur with far less efficiency and stability than when NCD is present (Matthies et al. 1996 , Skold et al. 2005 . The assembly of a morphologically normal bipolar spindle takes considerably longer in ncd mutant oocytes than in wild-type, normally 20Y25 min. Furthermore, in ncd mutant oocytes, if a bipolar spindle does form it will often degenerate and then re-form again, whereas wildtype spindles, once formed, are very stable structures.
The phenotypes of ncd mutants may result from two roles of NCD in spindle assembly. First, NCD has a role in the initial recruitment of microtubules around the karyosome. FLateral associations_ between microtubules and the chromosomes that depend on NCD have been observed in live oocyte studies (Skold et al. 2005) . This activity could contribute to central spindle formation and may not be important for the formation of kinetochore microtubules. Thus, like Subito, NCD may have a role in the initial kinetochore-independent recruitment of microtubules around the karyosome.
Second, Matthies et al. (1996) have developed a model for an NCD-dependent tapering of the spindle poles. According to this model, NCD binds to the microtubules at their points of association with the chromatin; that is, at the microtubule plus ends. This is believed to occur soon after NEB, once the cytoplasmic microtubules have associated with chromatin. Then, NCD moves toward the minus ends, bridging between the microtubule fibers and bundling them together. This action, it is believed, first brings the fibers into parallel alignment and then clusters them at their minus ends, thereby generating the poles. For both the recruitment and tapering functions, NCD may be partially redundant with other motor proteins. The activity of another motor, likely dynein, has been proposed because, although spindle pole formation is abnormal in a null ncd mutant, spindle poles do eventually form. The contribution of minus-end-directed motors, like NCD and dynein, to acentrosomal spindle assembly has also been described in Xenopus extracts (Walczak et al. 1998) and Drosophila S2 cells (Goshima et al. 2005) .
Importance of the meiotic central spindle; communication between the interpolar and kinetochore microtubules
The activity of minus end directed motors explains the focusing of the poles for each Fhalf spindle_, but how is assembly of the two half spindles coordinated? The central spindle may form the Fbackbone_ structure that defines the orientation of the spindle axis (Jang et al. 2005 ). The central spindle must then in some way Fcommunicate_ with the kinetochore fibers so that they become aligned parallel to this axis. This communication may occur by crosslinking between the interpolar and kinetochore fibers (Matthies et al. 1996 , Jang et al. 2005 . The NCD motor protein may be an agent in this crosslinking, possibly in the following fashion: the motor may be in contact with both the interpolar and kinetochore fibers as it moves between them, thereby guiding the kinetochore fibers in the two poleward directions established by the central spindle. A corollary of this model is that the interpolar microtubules of the central spindle must be present before the kinetochore microtubules can be organized.
In summary, the recruitment of the microtubules by the chromosomes, possibly involving lateral interactions, the establishment of the polar axis by the precociously formed central spindle, and the action of minus-end motors like NCD, appear to function together to form the acentrosomal meiotic spindle. They act in an Finside-out_ process, driving spindle formation from the middle that is, from the chromosomes, toward the poles. This process appears to compensate for the absence of centrosomes and predefined spindle poles. It is also a model which could assemble a bipolar spindle without kinetochore microtubules. Surprisingly, even though a bipolar spindle forms, there is considerable movement of the chromosomes, suggesting a metaphase spindle forms prior to stable bipolar attachment of the chromosomes (Skold et al. 2005 ). Although it is not known how the kinetochores obtain bipolar attachments, there is evidence the homologs orient prior to assembly of the bipolar spindle (Jang et al. 2005) .
The spindle poles: MSPS, TACC and NCD (and possibly ASP) are required for maintaining the oocyte spindle poles Even though the metaphase I spindle poles of Drosophila oocytes lack centrosomal antigens, they are not devoid of structure. Several proteins localize to the meiotic acentrosomal poles, including transforming acidic coiled-coil protein (TACC), minispindles (MSPS) (Cullen & Ohkura 2001) and abnormal spindle (ASP) (Riparbelli et al. 2002) . Although important for focusing spindle poles in mitotic cells (Wakefield et al. 2001) , the role of Asp in acentrosomal meiosis, as currently understood, is to assist during early telophase I to reorganize the microtubules for the assembly of the two tandem spindles of meiosis II (Riparbelli et al. 2002) .
MSPS is a member of the dis1/TOG family, a group of conserved microtubule-associated proteins. In mitosis, MSPS is found to localize to centrosomes where it promotes microtubule growth and stabilizes microtubule ends, thereby playing an important role in mitotic spindle integrity (Lee et al. 2001) . But in the absence of centrosomes in oocyte meiosis, MSPS is still able to localize to the spindle poles. Loss of MSPS disrupts the bipolarity of acentrosomal meiotic spindles, resulting in a predominance of tripolar morphology (Cullen & Ohkura 2001) .
MSPS is not likely to function in the initial assembly of the bipolar spindle, as it is seen at the poles only after the bipolar spindle is assembled. The tripolar spindle phenotype of the msps mutant suggests that it may act to maintain bipolarity. Because dis1/TOG family members are known to promote microtubule growth and stabilize ends (McNally 2003) , and because MSPS is found at the acentrosomal poles, Cullen and Ohkura proposed that microtubule fibers connected to the established poles are preferentially stabilized, while the re-growth of microtubules that are detached from the two established poles is not promoted (Cullen & Ohkura 2001) . In this way the primary function of Msps may be to maintain spindle poles and bipolarity.
Given the absence of centrosomes, how do proteins like TACC and MSPS get to the poles? Polar localization of MSPS in stage 14 oocytes is mediated by the NCD kinesin-like protein and TACC (Cullen & Ohkura 2001) . TACC has been found to localize to the poles even before metaphase arrest, while MSPS is seen at the poles slightly later, after bipolarity has been clearly established. TACC is essential for maintaining MSPS at the poles. The observation that the NCD motor is needed for efficient localization of MSPS to the poles (Cullen & Ohkura 2001) suggests that some proteins are moved to the poles. How TACC becomes concentrated to the meiotic acentrosomal poles is not known.
These results demonstrate that, while the organization of microtubules may not be initiated at the acentrosomal poles, these poles still have proteins associated with them and still perform functions important for stabilizing minus ends and maintaining the two poles. Moreover, there is a synergistic effect on spindle formation in sub; tacc double mutants (Jang et al. 2005) . This suggests that there are two separate pathways in acentrosomal spindle formation. Subito is associated with the central spindle and the establishment of bipolarity, while TACC is associated with maintenance of the poles.
Specialized tubulin isoforms
Mutations in some tubulin genes result in female sterility but the flies are otherwise viable. These appear to be tubulin isoforms with female-specific functions. One of these is a g-tubulin isoform (g-TUB37C ) that, while not present at the acentrosomal spindle poles of the oocyte, appears to be required for bipolar spindle assembly. Oocytes deficient or totally lacking in g-TUB37C exhibit disorganized spindles at stage 14 (Tavosanis et al. 1997 , Jang et al. 2005 . Similarly, there is a female-specific a-tubulin which is also required for acentrosomal spindle assembly and fertility (Matthews et al. 1993 , Jang et al. 2005 . Perhaps these female-specific tubulin isoforms have roles specific to acentrosomal spindle assembly.
The achiasmate segregation system Drosophila females possess a mechanism to accurately segregate achiasmate homologs ). This system is intimately associated with the meiotic spindle, and many of the mutants described above are defective for the segregation of achiasmate homologs. Indeed, it seems the segregation of achiasmate chromosomes is more sensitive than chiasmate chromosomes to spindle defects. Some mutants have been identified in which their effects on the achiasmate segregation are more severe than on chiasmate chromosome segregation. These studies have led to a model which includes achiasmate systemspecific concepts of pairing, orientation, and disjunction (Carpenter 1973 .
Pairing of achiasmate chromosomes appears to be mediated by heterochromatic homology , Dernburg et al. 1996 . The heterochromatic pairings can persist until prometaphase but are dissolved earlier in prophase when the homologous chromosomes undergo crossing over (Xiang & Hawley 2006) . Thus, crossovers influence heterochromatic pairing and, as a result, determine whether a chromosome will orient as part of the chiasmate or achiasmate systems.
An example of a gene required for pairing or orientation is Matrimony, which was isolated as a haploinsufficient locus. It is required for achiasmate chromosomes to be properly positioned with respect to their homolog on the meiotic spindle, possibly acting as some sort of glue (Harris et al. 2003) . Also involved in pairing or orientation is ald (altered disjunction), mutants of which cause nondisjunction of both achiasmate and chiasmate chromosomes. Interestingly, ALD is an ortholog of Mps1 in mammals, a protein associated with checkpoint function (Gilliland et al. 2005) . Thus, this is the first evidence that a spindle assembly checkpoint mechanism has a role in the segregation of chromosomes on acentrosomal spindles in Drosophila.
NOD (no distributive disjunction) is a chromokinesin-like protein (a chromosome-associated kinesinlike protein) that localizes along the arm of meiotic chromosomes (Afshar et al. 1995a ,b, Cui & Hawley 2005 and is only required for achiasmate disjunction. Without NOD, achiasmate chromosomes have been shown to dissociate from the karyosome immediately after NEB (Theurkauf & Hawley 1992 , McKim & Hawley 1995 . By binding to microtubule plus-ends and promoting their growth, NOD may be able to hold chromosomes near the metaphase plate, opposing the poleward force exerted on the kinetochores .
Another gene that may be in the disjunction class is aberrant X segregation (AXS), which encodes a transmembrane protein that is recruited to the microtubules of assembling spindles in both mitotic and meiotic cells (Kramer & Hawley 2003) . After NEB, AXS localizes to the outer surface of the karyosome, and remains associated with the developing spindle through all stages of assembly, principally at the central spindle area. It forms part of a membranous structure that provides a sheath for the spindle. Part of the oocyte maturation process, AXS is proposed to be a mediator of meiotic spindle assembly and chromosome segregation.
Mus musculus

Meiosis overview in the mouse oocyte
In the oocytes of mammals, synapsis and meiotic recombination occur during maternal fetal development, after which the oocyte enters prophase I arrest, or the dictyate stage (Hassold & Hunt 2001 , Mehlmann 2005 . Following this, the immature oocyte, encased as part of the primordial follicle within a somatic cell, enters a growth stage. Once the female is sexually mature, in humans years after it began meiosis, the oocyte completes meiosis I just before ovulation.
At this point germinal vessel breakdown (GVBD), the mammalian equivalent of Drosophila_s NEB, takes place and the bipolar spindle forms. Assembly of the spindle microtubules is regulated by the chromosomes, although during most of prometaphase, lateral interactions between chromosome-based chromokinesin molecules and microtubules may be more important than kinetochore interactions with the microtubules. In mice the assembly of the bipolar spindle takes about 4 h, depending on genetic background (Brunet et al. 1999) . The spindle is then maintained in prometaphase I for another 4 h, with the chromosomes hovering in the spindle_s central region. Only at the end of this period, 8 h after GVBD, do the kinetochores become activated so that microtubule fibers can stably connect to them. Then the chromosomes align at the metaphase plate and anaphase I ensues. Steady alignment of the chromosomes at the metaphase plate occurs for only about 12 min at metaphase I.
Microtubules polymerize into bipolar spindles, but chromosomes control their number and size Szollosi et al. (1972) used electron microscopy to document the lack of centrioles at the resumption of meiosis I in mouse oocytes. They observed small Fasterlike_ radial structures, referred to as Fmicrotubule foci_, and characterized them as Felectron-dense, filamentous structures resembling diffuse centriolar satellites_. Maro et al. (1985) , studying metaphase IIarrested mouse oocytes, found similar microtubule foci forming near chromosomes, which they described as consisting of pericentriolar material. An interesting possibility is that these structures represent small microtubule Ffactories_ dispersed throughout the cytoplasm (Figure 1 ). Similar structures may exist in Drosophila oocytes (Skold et al. 2005) .
Mouse oocytes appear to be capable of polymerizing microtubules and organizing them into multiple bipolar structures not only without centrosomes but also in the absence of chromosomes. This has been demonstrated in studies using cytoplasts; that is, oocyte cytoplasm lacking the nucleus . Multipolar spindles were found in addition to bipolar spindles, but in lower numbers, suggesting that bipolar spindles may be the most stable. However, while chromosomes may not be essential for the polymerization of microtubules, they appear to regulate the numbers and sizes of the spindles. In the mouse cytoplasts several bipolar spindles tended to form, indicating that chromosomes may be needed to restrict spindle formation (Brunet et al. 1999) . Furthermore, in cytoplasts the size of the spindles varied, suggesting that chromosomes control spindle growth, possibly through the activation of microtubule-stabilizing factors.
The balanced arrangement of homologous chromosomes within the spindle has been demonstrated to stabilize the formation of the spindle poles. In mice deficient in the DNA mismatch repair protein MLH1 (mutL homolog 1), crossing over in oocytes is sharply reduced (Baker et al. 1996) , resulting at prometaphase I in univalent chromosomes that fail to establish bipolar spindle attachments. In these oocytes the meiosis I spindles are unusually long and anaphase I generally fails to take place (Woods et al. 1999) . Therefore, the attachment of chiasmate homologous chromosomes to opposite poles may help stabilize the bipolar spindle.
As discussed above for Drosophila (McKim et al. 1993) , tension created when bivalents achieve bipolar attachment could contribute to spindle stability. Kinetochores under tension may act to stabilize the metaphase I spindle rather than promote anaphase, as occurs in mitotic cells. Woods et al. (1999) made the intriguing suggestion that bipolar attachments are being made as the spindle develops, based on an abnormal rosette configuration of univalent chromosomes observed at the periphery of a microtubule mass in early prometaphase. In mlh mutants, approximately equal numbers of the univalent chromosomes oriented toward each pole, though this balance is a matter of numbers, not homologies. As is the case of Drosophila, the meiotic chromosomes in mammals may position themselves prior to the organization of the bipolar spindle, possibly by interacting with non-kinetochore microtubules.
RanGTP and the effect of chromosomes on spindle assembly
The contribution of chromosomes to the assembly of the spindle, both with and without centrosomes, is believed to be linked to the activity of the GTPase Ran (Karsenti & Vernos 2001 ). In the presence of a chromatin-associated protein RCC1, RanGDP is converted into its active form RanGTP. Due to the restriction of RCC1 localization, active RanGTP is concentrated near the chromosomes where it locally activates spindle assembly promoting factors such as TPX2 and XMAP215 (Gruss & Vernos 2004) . Interestingly, Ran has been observed around mouse oocyte chromosomes and has been conjectured to play a role in meiotic spindle assembly (Brunet & Maro 2005 , Cao et al. 2005 . These properties suggest Ran signaling may mediate many of the processes by which meiotic chromosomes influence acentrosomal spindle assembly. In Xenopus extracts a gradient of RanGTP has been shown to promote microtubule nucleation and spindle assembly (e.g. Ohba et al. 1999 , Brunet et al. 2004 , Caudron et al. 2005 . In mouse oocytes, however, the data is conflicting. In one study based on antibody microinjection, defects in meiosis I spindle assembly were observed (Cao et al. 2005) . In contrast, Dumont et al. (2007) , in a study based on manipulating RanGTP levels by expressing mutant forms of Ran, showed that the most severe spindle assembly defects were observed during meiosis II. There were only minor effects on meiosis I spindles, such as on spindle length and timing, but they were still bipolar and there was no effect on chromosome segregation at the reductional division.
KinetochoreYmicrotubule interactions do not occur in oocytes during Prometaphase I
In mitosis the interaction of kinetochores and microtubules is a key factor in the congression of chromosomes toward the metaphase plate during prometaphase. In mouse oocytes, however, Brunet et al. (1999) observed that kinetochores do not interact directly with microtubules until the end of prometaphase I, about 8 h after GVBD. Thus, the kinetochores are not competent to anchor and stabilize the microtubules until late in prometaphase. The lack of kinetochoreYmicrotubule interaction during the first several hours of prometaphase was observed in two ways: directly using electron microscopy and by following the localization of the protein CLIP-170, which disassociates from kinetochores in the presence of microtubules. Since Brunet et al. found CLIP-170 at the kinetochores up until 7 h after GVBD, they concluded that the kinetochore microtubules were absent during this period. Indeed, for the approximately 4 h duration of prometaphase I, the microtubules come into lateral contact with the surface of the chromosomes and in some instances penetrate the chromatin, without directly interacting with the kinetochores.
With a duration of about 4 h, late prometaphase I in mouse oocytes is relatively long; and despite the lack of kinetochoreYmicrotubule interaction to stabilize the chromosomes in the vicinity of the metaphase plate, the chromosomes do oscillate very near the spindle equator during this period (Brunet et al. 1999 , Woods et al. 1999 . It was speculated that the chromosomes are held near the equator through the exertion of polar ejection forces acting on the chromosome arms by spindle microtubules, mediated by chromatin-associated microtubule motors (Khodjakov & Rieder 1996 , Brunet & Vernos 2001 . These motors include Kif4 and Kif22 (orthologs of Xenopus kinesinlike proteins Xklp1 and Xkid) (Vernos et al. 1995) which may facilitate bivalent congression in oocyte meiosis. In Drosophila, as discussed above, the chromokinesin protein NOD has been shown to exert an anti-poleward force upon the chromosomes.
MPF activity and synchronizing events leading to spindle formation and the accurate alignment of bivalents MPF, the maturation-promoting factor, regulates the sequence and timing of meiotic events, notably maturation, the formation of spindles, asymmetry of the divisions and polar body extrusion. MPF levels begin to increase at GVBD, reach a plateau at the end of metaphase I, decline between metaphase I and II for polar body extrusion and return to high levels during metaphase II arrest (Brunet & Maro 2005) . It is tempting to speculate that the increasing levels of MPF may trigger two phases of spindle assembly. Once MPF increases to a first threshold the microtubules are able to organize into a bipolar structure. By the end of prometaphase I MPF levels have increased to a second threshold, which correlates with activation of the kinetochores , Brunet et al. 1999 . This enables the capture of the microtubules by the kinetochores, and the assembly of the kinetochore fibers. Once this occurs, accurate metaphase plate alignment can take place.
The spindle assembly checkpoint exists in female meiosis but its effectiveness is in question Meiosis in human oocytes is notoriously error-prone, and the incidence of these errors increases with maternal age. This has been well documented from looking at the origin of human aneuploidy, especially trisomies (Hassold & Hunt 2001) . Although the incidence varies from chromosome to chromosome, aneuploidy usually results from nondisjunction at meiosis I in the oocyte. A minimum estimate for the frequency of aneuploidy in oocytes is 20%, compared to between 1% and 2% in sperm (Hassold & Hunt 2001) . Several explanations have been proposed for this high rate of nondisjunction in oocytes, including the long time between prophase and metaphase, the lack of centrosomes, and an inefficient spindle assembly checkpoint (SAC).
But several studies indicate the SAC does function in mammalian oocytes. Known checkpoint proteins BUB1 and MAD2 are present on kinetochores during oocyte meiosis. BUB1 is associated with kinetochores from prometaphase I until early anaphase I and again during the metaphase II arrest in mouse oocytes, suggesting that it may have a role in the natural progression of the two meiotic divisions (Brunet et al. 2003) . Consistent with this, BUB1 is in a phosphorylated state throughout this time, typical of when the SAC activated. In contrast, MAD2 is present early in prometaphase (Wassmann et al. 2003) . MAD2 may also have important functions in the absence of spindle damage, as progression through meiosis I was accelerated (Tsurumi et al. 2004) and there was an increase in chromosome segregation errors when MAD2 was depleted (Homer et al. 2005b) .
When microtubule dynamics are altered using nocodazole or taxol, several events occur which suggest the SAC is activated. MAD2, which normally disappears from the kinetochores during prometaphase, relocalizes upon spindle damage induced by nocodazole (Wassmann et al. 2003) . Meiotic progression is also affected, as the drop of MPF between meiosis I and II is inhibited and anaphase I onset is delayed (Brunet et al. 2003) . As expected for a checkpoint function, this arrest was reversible when the drug was washed away from the oocytes (Wassmann et al. 2003) . Other studies have indicated that the oocyte spindle assembly checkpoint in meiosis I depends on the action of MAD2. Depletion of MAD2 from oocytes leads to a failure to respond to spindle damage (Homer et al. 2005a , Wassmann et al. 2003 .
Despite this evidence for the existence of the SAC, the high rate of nondisjunction in mammalian female meiosis calls into question the effectiveness of the SAC to detect chromosomal misalignment within the spindle. If indeed oocyte meiosis includes a SAC that is intended to delay anaphase onset when kinetochore attachment is faulty, then this mechanism may be weak or subject to frequent breakdown. For example, the effectiveness of the SAC could be limited since mouse oocyte arrest is a fleeting event (Wassmann et al. 2003) , at least at low doses of nocodozole (Homer et al. 2005a) . Alternatively, the oocyte SAC may not detect chromosome alignment errors. As suggested by Woods et al. (1999) , the oocyte SAC may only detect structural abnormalities in the spindle, as would be caused by the various drugs which destabilize or stabilize microtubules. In contrast, unattached chromosomes or univalents attached to only one pole on the spindle appear not to trigger an arrest (LeMaire-Adkins et al. 1997 , LeMaire-Adkins & Hunt 2000 .
Summary and the future
Chromosome mis-segregation in meiosis I of oocytes is believed to be the major cause of miscarriage and congenital birth defects. This strongly indicates that female meiosis, in which acentrosomal spindle assembly is a major distinguishing factor, is worthy of increased examination. The studies summarized here demonstrate that organisms as diverse as Drosophila and the mouse may have dealt with this problem utilizing similar solutions. A hurdle toward more direct comparisons of the systems, however, is that most of the genes studied in one system have not been studied in the other.
Initial assembly of the meiosis I spindle
At the onset of meiosis I, just after nuclear envelope breakdown (NEB) in Drosophila oocytes and germinal vesicle breakdown (GVBD) in mammalian oocytes, microtubules begin to organize in the absence of centrosomes. In both organisms the chromosomes appear to be instrumental in initiating and regulating spindle assembly. Paradoxically, the important microtubule contacts may not be with kinetochores. Instead, microtubule contacts with the chromosome arms, perhaps laterally, may be important. The results from mouse cytoplasts show that microtubules are able to polymerize and organize into spindles without chromosomes, and there are similar observations in Drosophila oocytes (J. K. Jang & K. S. McKim unpublished). Thus, the chromosomes may play a restraining role in pole formation. Microtubules could be preferentially assembled into bundles in the region near the chromosomes.
Eventual attachment of the chromosomes to opposite poles via kinetochore microtubules, however, is instrumental in stabilizing the bipolar spindle.
Where do the microtubules come from?
There is no evidence that the chromosomes nucleate microtubule fiber growth. Instead, it is likely that microtubules may pre-exist in the cytoplasm (Figure 2) . They may grow from small organizing centers, as has been suggested by the observations of aster-like structures in mouse (Szollosi et al. 1972) and Drosophila oocytes (Skold et al. 2005) . These nucleating centers could be numerous. Microtubule growth is nucleated from many organizing centers along the cortex of Drosophila oocytes prior to nuclear envelop breakdown as part of the axis specification during oogenesis (Theurkauf et al. 1992 , Cha et al. 2002 , Steinhauer & Kalderon 2006 . Assembling the spindle, therefore, could be primarily done by the bundling and sliding of microtubule fibers, the result of which would be a structure composed of an overlapping array of many short fibers. This predicts that microtubule plus and minus ends would be localized throughout meiotic spindles, and indeed there is evidence this is the case (Elliott et al. 2005 , Burbank et al. 2006 . Surprisingly, the severing of microtubules may be an important regulator of spindle assembly in C. elegans oocytes. Katanin is a conserved ATPase known to have a microtubule-severing function (McNally & Vale 1993) . Srayko et al. (2006) suggest that katanin may be needed in acentrosomal meiosis to compensate for the relative inefficiency of chromatin-based microtubule nucleation. Microtubule fragments may act as seeds for microtubule growth (Ribbeck & Mitchison 2006) .
On the relative roles of two types of fibers
The interpolar microtubules organize tangentially to the karyosome, and by metaphase I run from pole to pole. The meiotic central spindle has been demonstrated in Drosophila to form early in prometaphase I, earlier than in mitosis, possibly to establish the axis of chromosomal separation, and thus the relative locations of the poles. The central spindle may Fcommunicate_ with the kinetochore microtubules using crosslinking motors such as NCD. Bundling of microtubules is also important in organizing the C. elegans spindle. In C. elegans oocytes the depletion of KLP-18, which is similar to Xenopus kinesin Klp2, results in the inhibition of parallel bundling of microtubules around the chromosomes, and disturbs the organization of the bipolar spindle (Segbert et al. 2003) .
Whether interpolar microtubules and the central spindle are important organizers in mouse oocytes and the roles for orthologs of SUB and NCD in bundling microtubules remains to be determined. Interpolar microtubules are more sensitive to temperature and microtubule-depolymerizing drugs than kinetochore microtubules (Brinkley & Cartwright 1975 , Salmon & Begg 1980 . Thus, investigating these microtubules in mouse oocytes may provide insights into spindle assembly and highlight a possible weakness that could lead to segregation errors.
In mouse oocytes the microtubules attach to the kinetochores relatively late in prometaphase. It will be interesting to determine if this is also true in Drosophila, especially since in both systems the kinetochores are not needed for spindle formation. There is evidence suggesting that the mouse oocyte chromosomes are transported to the spindle equator not by spindles attached to the kinetochores, as in mitosis, but by the action of pushing forces by chromokinesin motors along microtubules. In Drosophila the chromokinesin NOD acts in a similar fashion.
How do the bivalents orient?
In both mouse and Drosophila oocytes there is evidence that the homologs orient prior to bipolar spindle formation. This may be necessary if, as seems likely, spindle assembly does not initially involve kinetochore microtubules. In addition, the chromosomes oscillate near the spindle equator after a bipolar spindle has formed. It thus seems likely that bivalents on acentrosomal spindles orient relative to the poles by a mechanism which differs from centrosomal spindles as described in the Introduction.
The meiotic spindle poles
Centrosomes may be lacking, but the meiotic spindle poles can have specific proteins associated with them. MSPS appears to promote spindle bipolarity; and NCD and TACC seem to promote, respectively, the localization and the maintenance of MSPS at the poles. The mouse oocyte spindle poles, like those in many acentrosomal systems, are broad. In contrast, Drosophila meiotic spindle poles are unusually well defined. It remains to be determined if the mouse oocyte spindle poles contain proteins found at mitotic spindle poles, just like Drosophila, or whether this is a potential weak point.
Meiotic checkpoints in the oocyte
The mitotic spindle assembly checkpoint (SAC) delays anaphase until all the homologous kinetochores have bipolar attachments on the spindle. In human female meiosis a high incidence of nondisjunction suggests that this checkpoint is not as rigorous in oocytes as in sperm. However, evidence in mouse oocytes indicates that the SAC does indeed exist in female meiosis. In contrast, virtually nothing is known about the SAC in Drosophila oocytes, although the first mutants in genes such as mad2 and mps1 are now being studied. Most important, however, in both Drosophila and mouse, the presence of unattached chromosomes, such as univalents, does not appear to delay the onset of anaphase. This disconnect between spindle assembly and chromosome orientation and attachment could be a major contributor to the high error rate in oocytes.
Model systems and nondisjunction in humans
There are two critical characteristics of meiosis in human females that are particularly important: the high frequency of nondisjunction and its further increase with advancing age. Unfortunately, the model systems reviewed here do not usually show these features with such magnitude. Nonetheless, the model organism studies may identify possible Fweak links_ in human female meiosis. This includes the features of acentrosomal spindle assembly such as a heavy reliance on interpolar microtubules, a weaker SAC and broad spindle poles. There are also other factors which may play a tangential role to spindle assembly. Sister chromatid cohesion, which is also required during meiosis I to maintain chiasma, has been suggested to be a link to age-related nondisjunction (Hodges et al. 2005 , Bickel 2005 ). Nondisjunction dramatically increases in mouse interspecific hybrids, indicating that sequence variation can contribute to the frequency of nondisjunction (Koehler et al. 2006) , although this may not be the case in Drosophila (Rutherford & Carpenter 1988) . Finally, it is perhaps the sum of several factors that lead to high frequency of nondisjunction in human females.
